The subject of study was the evaluation of antibacterial activities of rosmarinic acid (RA) on clinical Staphylococcus aureus strains obtained from catheterrelated infections. Minimal inhibitory (MIC) and minimal bactericidal concentrations (MBC) of RA were tested by broth microdilution assay. Biofilmeradication activity was detected on 24-hour biofilm in microtiter plates using a regrowth technique; activity on biofilm formation was measured by a microtiter plate method after RA application to bacterial samples after 0, 1, 3 and 6 hours of biofilm development. RA had antimicrobial activity on all tested strains in concentrations from 625 to 1250 μg.mL -1 (MICs equal to MBCs). No biofilm-eradication activity on 24-hour biofilm was observed in the tested range of concentrations (from 156 to 5000 μg.mL -1 ). Subinhibitory RA concentrations suppressed the biofilm production, when applied at early stages of its development. Concentrations lower than subinhibitory stimulated the biofilm mass production in a concentration-and time-dependent manner. Considering our results, RA could be a candidate for a topical antimicrobial agent with killing activity on planktonic forms of bacteria and suppressing activity in the early stages of biofilm development, but probably not for the therapy of catheter-related infections as a sole agent.
Phenolic acids are important phenols produced in plants, for which they have diverse functions including participation in plant-microbe interaction or symbiosis [1] . One of the most common phenolic acids, widely found in the Lamiaceae family, is rosmarinic acid (RA), an ester of caffeic acid and 3, 4-dihydroxyphenylacetic acid, synthetized in the plant tissue from the amino acids L-phenylalanine and L-tyrosine [2] . RA is an important secondary metabolite in many medical plants that have been used in traditional medicine for more than 2000 years. It is the main bioactive compound in some of them [3] and many plant extracts containing RA are used as phytotherapeutical preparations [4] .
Natural polyphenols and related substances could play an important role in the human defense system, e.g. as antimicrobial, antioxidant, or anticancer agents [2, 4] . RA and its derivatives possess promising biological activities, such as neuroprotective, cardioprotective and chemopreventive effects, as well as antioxidant, astringent, antiinflammatory and antimicrobial activity [4] [5] [6] [7] . RA is a biologically active, non-toxic substance with antioxidant activity stronger than that of α-tocoferol (vitamin E) [4] . The anti-inflammatory activity of RA was proved by its inhibition of lipoxygenase and cyclooxygenase, which resulted in the inhibition of the arachidonic acid pathway [2] .
Antibacterial activity of RA has been shown against Gram-positive and certain Gram-negative bacteria [8, 9] ; however, up till now there are no available data either about RA activity on clinical bacterial strains from hospital infections, or about its interaction with biofilm forms of bacterial growth. Staphylococcus aureus, a frequent skin colonizer, is one of the most important pathogens with respect to catheter-related infections, characteristic of biofilm formation [10] . The increasing frequency of polyresistant, mostly nosocomial strains, necessitates research on new antimicrobial agents, active both against planktonic and biofilm forms of microbial growth; to such agents may belong substances of herbal origin as well. This study is, therefore, devoted to research of RA in vitro activity on clinical S. aureus strains from catheter-related infections.
Antimicrobial activity of rosmarinic acid on planktonic bacteria:
The suppressive activity of RA on several microbial species has already been published. Previous works on antimicrobial activity of RA were provided using both Gram-positive and Gram-negative bacteria. Mencherini et al. detected major bacteriostatic effects of RA against the Gram-positive bacteria, S. aureus and S. epidermidis. In the case of Gram-negative bacteria, yeasts, and molds, the MICs were 20-times higher [3] . Klancnik et al. examined the antimicrobial activity of RA against Bacillus cereus, S. aureus, Salmonella infantis, Campylobacter jejuni and C. coli (MICs on agar dilution were 6 mg/mL, 10 mg/mL, 1.25 mg/mL, 1.25 mg/mL, and 1.25 mg/mL, respectively) [11] . In our study, the MIC and MBC of RA were measured by a standardized broth microdilution method, using both susceptible and polyresistant S. aureus clinical isolates, including MRSA strains. Without respect to the antimicrobial susceptibility patterns of the strains, RA proved active against all of them, in concentrations from 625 to 1250 μg.mL -1 ( Table 1 ). The MIC values were equal to the MBCs.
Antibiofilm activity of rosmarinic acid:
Microorganisms growing in biofilm are protected against many external factors, including antimicrobial agents [12] . The minimal biofilm eradicating concentrations of many antibiotics can be several times higher than MICs, measured in the planktonic form of growth, which may disable the clinical use of many of these antibiotics in the therapy of biofilm-related infections [13] . Even if many data are available on biofilm-inhibitory activity of various plant extracts, or molecules of plant origin [14] [15] [16] [17] , data about the real biofilm eradicating activity (i.e. total killing of bacteria in already established biofilm) are missing. Data about RA interaction with the biofilm form of bacteria in the available literary sources are lacking as well. Therefore, the next step in our study was detection of RA antibiofilm activity. Despite our expectations, we could not see any biofilm eradication activity of RA in our test system (24 hour biofilm on the surface of polystyrene microtiter wells; detection of regrowth of the surviving bacteria), even when the highest RA concentration used in the study (5000 μg.mL -1 ) exceeded the detected MICs (from 625 to 1250 μg.mL -1 ; Table 1 ) by two-to three-times. Rosmarinic acid impact on Staphylococcus aureus Natural Product Communications Vol. 8 (12) 
Various plant extracts or pure substances of herbal origin have been screened for biofilm-reducing activity (for review see Taraszkiewicz et al. [16] ), with several promising results. The biofilm suppressing activity may be mediated by interfering with microbial attachment mechanisms [18] , by interfering with autoinducer molecules or their receptors (quorum quenching activity) [19] , or by specific suppression of genetic determinants of biofilm matrix synthesis [15] . RA impact on biofilm formation in our study was tested in very rich medium supporting the biofilm production (Tryptose-Soy Broth supplemented with 1% glucose -TSB-S). As the composition of medium substantially influences the measured MIC values, one-to two-dilutions higher MICs were achieved in this richer medium (from 2500 to 5000 g.mL -1 ; Figures 1 and 2 for strains 11 and 13) in comparison with MIC values obtained in the Mueller-Hinton medium (MH), used for MIC, MBC, and biofilm-eradication activity testing (from 625 to 1250 g.mL -1 ; Table 1 ). Unfortunately, MH medium is not effective in supporting biofilm production, so it was not possible to use it in the testing of the RA biofilm-reducing activity. The sub-inhibitory concentrations of RA (MIC/2, i.e. 1250 μg.mL -1 or 2500 μg.mL -1 , in TSB-S) showed a mild biofilm-suppressing activity, but the concentrations lower than sub-inhibitory (≤ MIC/4, i.e. ≤ 625 μg.mL -1 or ≤ 1250 μg.mL -1 in TSB-S) stimulated biofilm mass production (Figures 1 and 2) .
When evaluating the role of the time interval between seeding the microtiter wells with bacteria and the moment of RA application, a time-, concentration-and strain-dependent pattern was observed (Figures 3 and 5) . Generally, the highest biofilm-inhibitory activity was observed at the very early stages of biofilm production (1 to 3 hours). On the other hand, the highest biofilm-stimulating activity was observed when applied to 6-hour biofilm (Figures 3 and 5 ). An exception was strain 13 at the application time of 6 hours, when the highest stimulatory effect was observed in higher concentrations (2500 μg.mL -1 in TSB-S) ( Figure 5 ). This strain had a higher MIC (1250 μg.mL -1 in MH medium, and 5000 μg.mL -1 in TSB-S) and probably more developed biofilm after 6-hour cultivation than strain 11 (Figures 3 and 5 ).
Except for the biofilm stimulation by the RA ethanol solution in low concentrations, a stimulatory activity was detected by the ethanol solvent itself (Figures 4 and 6 ), but lower than in the case of RA. This phenomenon has already been described by several authors, who detected biofilm stimulation by low concentrations of antibiotics [20] , alcohol [21] , or even plant extracts [22, 23] . It seems that RA also belongs to the xenobiotic class, which can induce the bacterial defense response to environmental stress if applied in rather low concentrations. It is also possible, that ethanol and RA acted synergistically in the process of biofilm building by the S. aureus strains used in our study.
Rosmarinic acid in the present study showed effective killing activity on all of the tested S. aureus strains and decreased the biofilm production at sub-inhibitory concentrations, when applied at the early stages of its formation. Based on the obtained results, RA could be a candidate for a potential antimicrobial agent with killing activity on planktonic forms of bacteria and suppressing activity in the early stages of biofilm development. However, lack of RA effect on already developed biofilm does not support our hypothesis about its use in the therapy of catheter-related infections as a sole agent.
Experimental
Bacterial strains: Sixteen clinical S. aureus strains isolated from infections associated with central venous, wound, and respiratory suction catheters were used in the study (Table 1) . Two collection strains (ATCC 29213 and ATCC 43300) were included as well. The strains were preserved in Brain-Heart Infusion with 20% glycerol at -20°C. Before analysis, they were inoculated on blood agar and cultivated overnight at 37°C.
Antimicrobial susceptibility:
The antimicrobial susceptibility to oxacillin, gentamicin, ciprofloxacin, vancomycin, cotrimoxazole, erythromycin and clindamycin was tested by the disk-diffusion method [24] , and interpreted according to the CLSI guidelines [25] . Commercial antibiotic discs (OXOID, UK) and Mueller-Hinton agar medium (OXOID, UK) were used in the tests. Resistance to oxacillin/methicillin was confirmed by the Penicillin Binding Protein 2a (PBP2a) latex agglutination test (OXOID, UK).
Rosmarinic acid:
Pure RA (Sigma-Aldrich, Germany) was dissolved in 50% ethanol, diluted 1:1 with twice concentrated medium, and afterwards serial geometric dilutions from 5000 to 156 μg.mL -1 were prepared. Mueller-Hinton Broth (OXOID, UK) was used for antimicrobial activity testing on planktonic bacteria and for biofilm eradication activity, and Tryptose-Soy Broth (OXOID, UK) supplemented with 1% of glucose for detection of impact on biofilm production. The final concentrations of solvent (ethanol) in the samples ranged from 12.5 to 0.8%.
Rosmarinic acid antimicrobial activity:
The planktonic form of bacterial growth was tested for minimal inhibitory (MIC) and minimal bactericidal concentrations (MBC) of RA by broth microdilution assay according to CLSI [26] .
Biofilm eradication activity:
The antibiofilm activity of RA was tested on 24 h biofilm prepared on the surface of microtiter wells in Tryptose-Soy Broth supplemented with 1% glucose according to Stepanovic et al. [27] . The medium containing biofilm-free bacteria was discarded and the wells were washed 3-times with PBS in order to remove bacteria not associated with biofilm. Rosmarinic acid in concentrations > MBC was added to washed biofilms in the wells. After 24 h incubation at 35°C, the RA was drained out, the wells washed and fresh medium added. The biofilm eradication activity was detected by the regrowth method [28] , after additional 24 h cultivation at 35°C.
Impact on biofilm formation:
The activity of RA on biofilm formation was tested in microtiter plate wells in Tryptose-Soy Broth with 1% of glucose. Rosmarinic acid was added to the bacteria in the microtiter plate wells at 0, 1, 3, and 6 h after inoculation. The intensity of biofilm production was measured spectrophotometrically at 570 nm (MRX Microplate Reader, DYNEX Technologies, USA) after fixation with methanol, staining with 0.5% crystal violet and elution with 99% ethanol [27] . Medium free bacteria was used as a blank sample. All tests were performed in 3 parallel samples. In each test run, samples containing the solvent in corresponding concentrations were tested. Bacterial suspensions in RA-and solvent-free medium were used as controls.
Statistical analysis:
The results were statistically evaluated by the unpaired t-test, using two-tailed P value.
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